The ribosomal protein S15 controls its own translation by binding to a mRNA region overlapping the ribosome binding site. That region of the mRNA can fold in two mutually exclusive conformations that are in dynamic equilibrium: a structure with two hairpins and a pseudoknot. A mutational analysis provided evidence for the existence and requirement of the pseudoknot for translational control in vivo and S15 recognition in vitro. In this study, we used chemical probing to analyze the structural consequences of mutations and their effect on the stem-looplpseudoknot equilibrium. Interactions between S15 and the pseudoknot structure were further investigated by footprinting experiments. These data, combined with computer modelling and the previously published data on S15 binding and in vivo control, provide important clues on pseudoknot formation and S15 recognition. An unexpected result is that the relevant control element, here the pseudoknot form, can exist in a variety of topologically equivalent structures recognizable and shapable by S15. S15 sits on the deep groove of the co-axial stack and makes contacts with both stems, shielding the bridging adenine. The only specific sequence determinants are found in the helix common to the pseudoknot and the hairpin structures.
INTRODUCTION
Several genetic systems from prokaryotic or eukaryotic cells have proved the involvement of a pseudoknot structure in translational control: autoregulation of the a-operon by the r-protein S4 in E.coli (1) ; autoregulation of the bacteriophage T4 gene 32 (2) ; stimulation of translation of repZ (3) ; ribosomal frameshifting in a vertebrate coronavirus (4) . Strong evidence suggested that the autoregulation of Escherichia coli ribosomal protein S15 at the translational level depends on the mRNA capacity to adopt a pseudoknot structure (5-7). Indeed, the S15 regulatory region, about seventy nucleotides overlapping the ribosome loading site, can form two mutually exclusive conformations. The first one consists oftwo stem-loops (hairpins II and III) and the second one is a pseudoknot in which nucleotides from hairpin III are paired with nucleotides ofthe loop of hairpin II (Fig. 1) . It was proposed that these two stuctures are in dynamic equilibrium and that the binding of S 15 stabilizes the pseudoknot form. The binding of S15 was also shown to allow ribosome binding and to trap the ribosome on its loading site, preventing the formation of the active ternary 30S/mRNA/initiator tRNA complex (8) . Consist- ently with the previous observation, 30S subunits bind more efficiently to the pseudoknot than to the stem-loop structure (9) In order to gain more information on the regulatory mechanism, we analyzed the effects of a set of mutations both on the expression of a translational fusion between the S15 gene and the reporter gene lacZ as well as on the capacity of the mRNA to bind S15 in vitro (10) . These results provided convincing genetic evidence for the existence of the pseudoknot in vivo and for its requirement for translational control and S15 recognition. One result that emerged from that study was the genetic demonstration of base pairing between A(-47) and U(-38). As a consequence, only one residue [A(-46)] connects stems 1 and 2, and crosses the deep groove in the pseudoknot structure. This study also identified the U(-49)-G(-36) pair as a sequence specific determinant, since its replacement by a canonical U-A pair induces a loss of control. Moreover, the results gave a good correlation between the in vivo control and the in vitro binding affinity for S15. Furthermore, the mutational analysis suggested that a few specific determinants for S15 recognition are provided by the pseudoknot structure. However, the unambiguous interpretation of genetic data requires the knowledge of the structural consequences of the mutations. Here, this is particularly important due to the complexity of the system which is based on a dynamic equilibrium. Indeed, the mutations are expected to displace the equilibrium, either by stabilizing or destabilizing one of the two conformations in equilibrium (or even by creating another conformation). This is, for example, the case of mutant CFP5517 for which we detect only the pseudoknot form as a * To whom correspondence should be addressed to insertion and deletion. The name of the mutant is indicated above the mutation. The effects of the mutations are summerized: the first number refers to the in vivo repression rate and the second to the relative binding affinity measured in vitro. In the case of the wild-type RNA, these values are 23 and 1, respectively. Data are from . In the case of mutant CFP55 17, the repression rate was determined in another construction (Portier et al. 1990a ). It was similar to that of the wild-type RNA measured in the same construction. The binding strength was also found to be similar to that of the wild-type RNA (9) .
consequence of a C to G substitution at position -15 because it destabilizes the stem of hairpin III (7, 9 by addition of thiourea to a final concentration of 10 mM and by ethanol precipitation. In footprinting experiments, the complex was formed in the presence of 50 pmoles S15 in buffer A (iron-EDTA footprint) or N3 (ENU footprint) containing 0.002% bovine serum albumin. Modified sites or cuts were detected by extension with AMV reverse transcriptase of a primer complementary to nucleotides +38 to +51. Elongation controls were run in parallel in order to detect spontaneous hydrolysis in the RNA template or pauses of reverse transcription.
Computer modelling
The modeled molecule integrating stereochemical constraints and experimental data was constructed with the help of several computer programs (13) and tested by comparing the theoretical accessibility of atoms with the observed experimental reactivity, as described earlier (14) .
RESULTS

Enzymatic and chemical probing of the mutants
In order to analyze the stuctural consequence of the mutations shown in Figure 1, from I to 4 by visual inspection. In the following, the stem and loop elements will be referred to the nomenclature shown in Figure 1 . The reactivity changes induced by mutations are essentially localized in the crucial regions that correspond to nucleotides involved in the pseudoknot formation (in particular nucleotides -45 to -39 in loop 1 which pair with nucleotides +4 to +10 in stem 3 to form the pseudoknot). Therefore, the degree of reactivity of these nucleotides is a measure of the stem-loop/pseudoknot equilibrium with a non-reactivity indicating that the equilibrium is displaced towards the pseudoknot structure (see mutant CFP 5517). Probing data on nucleotides involved in the pseudoknot formation are summarized in Figure 5 . The wild-type RNA and mutant CFP 5517 are shown as references for the stem-loop/ pseudoknot equilibrium and for the pseudoknot form, respectively. Note that U(-38) is unreactive in the wild-type RNA and in all mutants, while A(-47) is reactive in most cases (with the exception of LB7b and LB7d). Otherwise, mutants can be divided into three classes on the basis of their reactivity profile.
(i) Class I mutants. The first class corresponds to mutants that display a pattern of reactivity similar to that ofthe wild type RNA. They are characterized by an overall accessibility of all nucleotides in loop 1. This is the case ofmutants LB 1, LB2, LB4, LB 1 la, LB1lb and LB12a. These mutants probably still possess the stem-loop/pseudoknot equilibrium. However, at this stage it cannot be excluded that the equilibrium is displaced towards the stem-loop structure. This is particularly the case for mutants LB I (Fig. 4 ), but A(-47) is less reactive than in CFP5517. On the other hand, G(+3) is still reactive, but less than in CFP5517 (Fig. 2) . These results also favor a pseudoknot with two As crossing the deep groove, as in CFP5517 (Fig. 7) . However, the weaker reactivity of A(-47) and G(+3) suggests subtle differences at the junction of the two helices, e. g. possible labile interactions between U(-38) with either A(-47) or G(+3). Figures 8 and 9 and the results are summarized in Figure 10 on the secondary structure of these mutants. The effect of magnesium on the reactivity of RNA to Fe(II)-EDTA and ENU was also investigated. The presence of magnesium does not induce significant effect on the sugar moiety reactivity (Fig. 8) . However, the reactivity of several phosphate groups to ENU alkylation is dependent on the presence of magnesium. Thus, magnesium induces a reduction of reactivity at phosphates -33, -34, -36 and -51 in stem 1, +5, (+9) in stem 2, (Fig. 9) . Strikingly, magnesium also increases the reactivity ofphosphate-50 in stem 1 and -7 and -6 in loop 2'. Since ENU is not sensitive to the secondary structure, the observed reactivity changes more likely reflect specific interactions with magnesium or the stabilization of tertiary interactions involving phosphate groups. S 15 induces common protection from Fe(II)-EDTA attack on three distinct parts of the pseudoknot: in loop 1' (position -46), in stem 1 (positions -49 to -47) and stem 2 (positions -45 to -42) in all three RNAs. In addition, specific protections are observed in the various mutants. These variations in the protection pattern probably refect subtle differences in the fine structure of the various pseudoknots. For instance, both LB3 and CFP5517 displays protections in loop 2' (near position +2), while LB3 and LB6 show additional protections on the opposite strand of stem 2 (near +10) and on stem 1 (near -34). As expected, all positions protected from hydroxyl radical hydrolysis on CFP55 17 RNA are also protected from ENU alkylation at their corresponding 5' phosphate group (Fig. 9) . However, additional protections from ENU are observed in stem 1 (positions -36 to -31). The Fig. 1 la and b) . The first one contains two residues, A(-47) and A(-46), crossing the deep groove, and corresponds to the free form of mutants CFP5517 and LB3 as deduced from probing experiments (Fig. 1 la) . Stems probably still form a pseudoknot in equilibrium with a stem-loop structure, with the possible exception of LB 1 and LB2. In mutants from class 2, the equilibrium is clearly shifted towards the stem-loop conformation. The pseudoknot does not form, essentially because the mutations induce an extension of stem 1. Thus, the size of loop 1 is reduced to four bases in LB7b and probably to three bases in LB7d. Note that halrpin loops of four nucleotides are known to be thermodynamically more stable than larger loops (17) .
In the third class of mutants, the equilibrium is displaced towards the pseudoknot. However, the structures of these pseudoknots show striking differences, especially in the size of loop 1' and at the junction of helices 1 and 2. Mutant LB3, where stabilization is provided by the replacement of the terminal U(-45)-A(+10) pair at the extremity of stem 2 by a C-G pair, ressembles that formed by mutant CFP5517. In these two mutants, two bases, A(-47) and A(-46), connect stem 1 and stem 2 by crossing the deep groove and U(-38) is unpaired and co-axially stacked between stem 1 and 2 (Fig. 11 a) . However, differences in the susceptibility of A(-47) to DMS suggest that this residue may form a labile pair with U(-38) in mutant LB3, resulting in a dynamic equilibrium between a pseudoknot with two As crossing the deep groove and a pseudoknot with only one A crossing. Therefore, the gain in free energy provided by the replacement of a A-U pair by a G-C pair at the upper extremity of helix 2 appears to induce a global stabilization of the pseudoknot, as revealed by a possible dynamic pairing between A(-47) and U(-38) at the junction of the two stems clearly indicate an unexpected flexibility at thejunction ofhelices 1 and 2, at least in the absence of S15. Mutant LB5 appears to form a third kind of pseudoknot with characteristics of both LB3 and LB6. One puzzling result of mutations affecting the base pair closing helix 1 is the distal effect observed at A(-54) which becomes more reactive (with a weaker extent in LB4). We have presently no clear explanation for this behaviour. Unexpectedly, the addition of three Cs after the first codon (mutant LB 12b) displaces the equilibrium towards the pseudoknot. This argues in favor of stabilizing contacts between nucleotides of loop 2' and stem 1 (see below).
The pseudoknot carries determinants for S15 recognition Our previous mutagenesis analysis showed that there is a very good correlation between the autoregulation efficiency and the affinity of S15 for the various mutants (10) . The present structural analysis points out some structural elements required for S15 recognition. The results demontrate that pseudoknot formation, either in equilibrium with two hairpins or not, is a necessary condition for S 15 recognition, but that it is not enough to ensure correct binding. . 5 C - tory mutation. Moreover, the fact that LB3 is even more efficiently regulated indicates that there is a correlation between the stability of the pseudoknot and the control. Footprinting experiments provide further evidence for a close contact in the external part of stem 1 (Fig. 10 ). These contacts are clearly not sequence specific since the A-U pair can be replaced by a G-C pair. More likely, S 15 interacts with the sugar-phosphate backbone of stem 2. This is further confirmed by the observation that neither the permutations of nucleotides AGA(-41) and UCU(+8) nor the replacement of pair A(-39)-U(+4) by a C-G pair alter the control efficiency (10).
(ii) Determinants in loop 1'. The present results show that the loss of control induced by the deletion of A(-46) or its substitution by U is due to the stabilization of stem-loop 2 and the subsequent incapacity to form the pseudoknot. Thus, this result does not allow to conclude that A(-46) is a S 15 determinant. Nevertheless, footprinting experiments show a strong protection of residue A(-46) on both ribose and phosphate groups in all types of pseudoknot recognized by S15 (Fig. 9 ) and at position NI in the wild-type RNA (7). On the other hand, the fact that A can be substituted by G but not by C (10) may favor the view that a purine at position -46 is required for specific contact with S15. Alternatively, S15 may recognize the bridging residue through interactions with the sugar-phosphate moiety without discriminating A from G, but a C at this position might impede S15 (Fig. 10) . Otherwise, the fact that mutant LB5, in which U(-38) is substituted by C, is able to adopt a pseudoknot conformation but is not recognized by S15 indicate that the formation of the pseudoknot is a necessary but not sufficient condition for S15 recognition.
The bulged U(-53) was initially proposed as a specific contact of S 15, since the reactivity of N3 was reduced in the presence of S 15 (7) . However, its deletion (mutant LB 1 la) does not drastically alter the regulation (10) double mutation A (-53)/A(-49) (mutant LB lIb) dramatically affects both control and S15 recognition. Since the conformational equilibrium does not seem to be affected in this mutant, we can deduce that the wobble U(-49)-G(-36) pair contains S15 determinant(s). In agreement with this assumption is the finding that converting the U(-49)-G(-36) pair into a canonical U-A pair abolishes the control (10) . Consistently, S15 does protect the ribose moiety of U(-49) from hydroxyl attack in all three pseudoknot mutants and strong protections against ENU alkylation are observed in CFP5517 (Fig. 10) .
(iv) Determinants in loop 2'. The presence of S15 determinants in loop 2' is hinted at by mutants LB 12a and LB 12b. In these two mutants, the size of loop 2' is increased by three additional nucleotides inserted after the AUG codon. The effect of such mutations depends on the sequence inserted. The most unexpected result is that the CCC insertion (LB 12b) appears to favor a particular pseudoknot form, which is probably stabilized by interactions between nucleotides of loop 2' (near their junction with stem 2) and the minor groove of stem 1. On the other hand, there is evidence that similar interactions also exist in the other pseudoknot mutants and that they are stabilized by S15. Indeed, A(+1) is unreactive at position N7 in both CFP5517 and LB3 and G(+3) is poorly accessible to RNase TI in CFP5517, LB3 and LB6 (results not shown). Moreover, earlier results showed that A(+1) and U(+2) are less reactive to chemicals in the presence of S15 (7), and the present footprinting experiments reveal protections against both Fe(H)-EDTA and ENU at positions (+1) and (-1) in CFP5517, and at (-1) and (-2) against radical hydrolysis in LB3. The extensive protections ofphosphates -31 to -36 on the 3 'strand of stem 1 induced by S15 might be related to the decrease of reactivity of phosphates -33 and -34 induced by magnesium.
The three-dimensional conformation recognized by protein S15
The present data reveal an unexpected number of pseudoknot forms with versatility at the junction between stems 1 and 2, still recognized by S15. Consistently with previous data (10) (18) . The stem 2 of these RNAs contains 6 or 7 base pairs and one can expect that a simple nucleotide is sufficient for crossing the major groove in such a pseudoknot (18) (19) .
The three-dimensional model shows that one nucleotide is indeed enough to bridge the distance across the major groove of a 7 base-pair helix. However, the experimental data show that, in the absence of S15, two mutants (CPF5517 and LB3) favor rather a pseudoknot with a 7 base pair-stem 2 and two bases in loop 1', while another one (LB6) adopts a pseudoknot with a 6 base pair-stem 2 and one base in loop 1'. Thus, it appears that the pseudoknot with a 7 base pair-stem with one bridging nucleotide is not always thermodynamically the most favorable. Footprinting experiments conducted on the three pseudoknots recognized by S15 (CFP5517, LB3 and LB6) show that the protein sits on the deep groove of the co-axial stack, especially on the region which displays a sharp turn of the sugar-phosphate backbone (Fig. 1 ib) , and shields the bridging A residue. Most likely S15 recognizes a specific and unique three-dimensional conformation of the sugar-phosphate backbone that is provided by the pseudoknot. Noteworthy, most of the additional protections that are specifically observed with mutants CFP5517, LB3 and LB6 are also located on the same side of the pseudoknot. The reduction of the reactivity of the bulged U(-53) at N3 induced by S15 binding (7) can hardly be interpreted by a direct protection in this model. This also fits with the finding that this residue is not a major determinant (see above). Most likely, a local conformational rearrangement of stem 1 is induced by the interaction of S15. Some structural interdependence within this particular region of stem 1 is further suggested by the effects of mutations in the A(-47)-U(-38) pair that closes the top of stem 1. Therefore, our results reveal an unexpected complexity and subtlety of the pseudoknot and of its recognition by S 15. The autoregulation of protein S15 at the translational level through a dynamic equilibrium between two local structural states of the 5' region of the S15 mRNA is another example of the biological role of alternative pairings in structure-function relationships ofRNA molecules. Alternative pairing depends first of the number and on the types of base pairs formed in each state and on the conformational energetics at thejunctions between the helices and with the single-stranded regions. The 
